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BRIEF

A new miniature inductively coupled plasma source operates at low

RF power levels and requires less argon support gas than conventional

ICP sources, but exhibits many of the same analytical capabilities.
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ABSTRACT
w’,~~~Ivv ~

A miniature inductively coupled plasma source for atomic emission

spectrometry is described and a preliminary evaluation of its analytical

capabilities is presented. The mini-ICP is very economical to sustain and

works well with less than 1 kW of RF power and 8 L min~~ of argon coolant : -

gas. In addition, the new source possesses some unique operating character-

istics which simplify sample introduction. In this paper, detection limits,

multi-element capabilities,and other analytical features of the mini-ICP are

compared with those demonstrated by a conventional ICP source and shown to

be comparable. In addition, the two plasmas are shown to exhibit similar

excitation temperatures in the respective analyte observation regions (i.e., H
plasma tail flames). These results suggest that the mini-ICP possesses the

same desirable atomization and excitation characteristics as conventional

ICP sources. 
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During the past decade the radio-frequency inductively coupled plasma

(ICP) has emerged as a very promIsing excitation source for atomic emission

spectrometry (AES) and many investigators have examined both the physical

nature (1—4) and analytical capabilities (5—7) of ICP sources for simultan-

eous multi-element optical emission analysis. However, one of the main im-

pediments to the acceptance of these ICP-AES systems has been the high opera-

tional cost and complexity associated with the ICP source itself. In addition ,

the high power RF equipment required by conventional ICP sources increases

their initial cost ,requires a lot of laboratory space and can produce strong

radio-frequency interference (RFI), unless proper shielding techniques are

employed.

Many of these limitations should be overcome merely by shrinking the

physical dimensions of the ICP. Such a mini-rCP, if operated at similar

power densities as its larger counterpart, should exhibit the same high sen-

sitivity, working curve l8 nearity, and freedom from interferences; these

desirable features are largely a result of high plasma temperature , which

is itself a function of power density (8). In turn , the smaller ICP would

require a lower input power to maintain equivalent power density and would

consume less coolant gas (argon) during operation. Attendant savings in the

cost of the RF power supply, impedance matching device , and transmission

lines would be expected. In addition , lower power requirements would re-

duce necessary laboratory space and expected interference from radiated

RF energy.
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In the present study,guch a mini-ICP was designed, tested, and compared

to a larger, conventional plasma , It was found that torch design was parti-

cularly critical in the stable formation of the smaller plasma , and hydro-

dynamic techniques were devised (9) to aid in torch development , Significantly,

the plasma supported by the new mini-torch appears both stabler and easier to

ignite than its larger brother. Also , detection limits attained with the

smaller plasma are comparable to those exhibited by the conventional system,

despite excitation temperatures which are slightly lower. Finally, back-

ground spectra and multielement detection capabilities of the two plasmas

were compared ,proving the viability of the new mini-ICP for efficient low-

cost routine analyses.

.

- — — —---— —. - - - —-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~fl. ~~~i._... .-———~-—— -- —



9 

. .

EXPERIMENTAL

Instrumentation
~~~w wvvv vw~~~

A schematic diagram ot the apparatus used in this study is shown in

Figure 1. Details concerning the individual components are summari :ed b e low .

RF Power System. RF power Is developed by a cr staI-~ on tro l l ed  air-
-wvvw~wvvwv~

cooled power amplifier (Model FIFP—2S00 I) with Model ~N”~-1 power control ,

Plasma-Therm Inc., Kresson , N .J ,) operat ing at ~~~~~ NI:. The RF power is

continuously variable up to a maximum of ~.5 kW and is transmitted via a

coaxial cable (RG 8/U) to the load coi l of an automatic impedance’ matching

unit (Model A?4~- .~500E, Plasma—Therm Inc., Kresson, N.J.). The water-cooled

load coils are fabricated of 1/8!’ (3.l7Snn) O.D. copper tubing. For mini-

ICP operation a 2-turn load coil with a diameter of %2cw is used; when

operating the maxI-ICP a 3-turn coil is employed with a diameter of ~‘~3cm.

Primary ignition of the plasma is accomplished by applying to the torch a

spark from a tesla coil.

Torch, Nebulizer and Housing. In general , the mini-TCP torch has the
-wv~~~~wwvwwv~~

same features and operates on the same bas ic principles as conventiona l

ICP torches (10—15). However, the mini—torch is 3M smaller than conventiona l

torches (1b,17) and possesses some unique features, as revealed in the dia-

gram of Figure 2. In this diagram, dimensions of the torch are given and its

orientation with respect to the load coil Is shown. A quart: bonnet , positioned

around the end of the torch, aids in electrically screening the conductive

plasma gases from the load coil.
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Roth the plasma and coolant gases (high—p urit y .1 r g t l l i )  are jut reduced

t a n g e n t i a l l y  in to  the to rch .  The angle .it which the ~~~~~ ar t ’ introduced

is c r i  t ica I and W a s  est ab I i  shed emp i rica ! lv  us i nt ~ hv d  t Iv an i ~ t echu iques

(9) .  In addi t ion , the gas in l e t  tubes were ct ’n~~t r i  ct  ~.I t o  nc y . Isr  the  s w i  r i

v e l o c i t y  of the  gases as they sp ira l up the torch. ~ t th t h i s  t e c h n i que a

s t a b l e  vor tex i s  fo rmed at low gas f l o w s ;  a s im i  lar  e f f ec t  has been examined

in some detail by Rarne~ (19). ~ mini—torch employing t h i s  des ign can s t a b l y

support a plasma using less than S I min -~ of argon coo lan t  gas. .

The shape and position of the cen t ra l  i n j e c t i o n  tube p lays a cr it ica l

role in assuring tha t  the sample is  di r ect ed  in to  the  hottest p a r t  of th e ’

plasma.  In our torch , the  i nj e c t i o n  tube i s  t i pped w t h  a l eng th  of c a p i l l a r y

tub ing  adequate to create a lam I nar f low (19 )  of e~~i tAng sample aeroso l .

This laminar  f low rea~li l y penetrates  the plasma and reduces the chatices of

sample being swept aroun d the plasma periphery . A lam i nar  f low design of t h i s  - r
nature also enables the i n j e c t i o n  tube to he p os i t ioned  as far as 2mm be l ow

the end of the plasma tube , where - th~ chances of i t s  overhea t ing  and m e l t i n g

are reduced .

The interna l diameter of the i n j e c t i o n  tub e is also i mportant because i t

determines the s i:e  of the hole  that  i s  pun ched throug h the plasma . Th is hole

should be kept small to ensure tha t  the sample channel i s  e l e c t r i c a l l y

screened from the energy addition region (defined as the skin depth) of the

plasma (12). and that the sample flow cools the p lasma as l i t t l e  as poss ib le.

Under these condi t ions , the add i t ion of sample to the plasma will cause on l y

minimal variations in the plasma ’s impedt ’nce and n ot a f f ec t  m a t e r i a l l y  the

plasma ’s stahiljtv .This consideration is particularly important in the mini—IC !’

since the energy addition region occup ies a large portion of the

L i  - - -~~~~~~ - - —-~~ -~~-~ — - ~~- “- --~~~~-— -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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plasma. In this study, excellent plasma stability was obtained using a

0. 75mm I .D. capillary inj ection tube.

The sample introduction system consists of a simple concentric pneu-

matic nebulizer attached to a dual-tube spray chamber, similar to the one

described by Fassel (16). Ordinarily, the nebulizer is operated at an argon

flow rate of 1 L min~~ and sample solution is delivered to the nebulizer

by a ~*rjstaltic pump at a rate of 0.36 aL min’* The resulting spray is fed

directly into the torch (i.e., no desolvation apparatus is employed).

To shield other instrumentation from RFI,

a custom-designed copper housing enclosed the load coi l, torch , nebulizer and

spray chamber. Access ports for the necessary support facilities (i.e., argon

gas, cooling water, drain, etc.) are provided and windows are cut into the

housing for optical access. A piece of welding glass(eO.D. 4) has been inserted

into one window to enable the operator to monitor plasma operation.

Support Gas Handling. Delivery of the large quantities of prepurified
wv~wvvwww~wv~

argon gas (99.998%) needed to sustain the plasma requires a special gas hand-

ling system, a block diagram of which is shown in Figure 3. Three argon tanks

are inter-connected by a manifold equipped with station and check valves

(Matheson Gas Products, Joliet , Ill.). A single stage pressure regulator (Air

Products, Allentown , Pa.) and a sensitive line regulator (Model 40H, Matheson

Gas Products, Joliet , Ill.), combined in series, serve to reduce the tank pres-

sure and maintain a constant upstream pressure. The argon gas is then delivered

through toggle valves (Nupro Co., Cleveland, Ohio) to three rotameters (Series

7600, Matheson Gas Products, Joliet , Ill.). Each rotameter is equipped with a

high accuracy needle valve (Series 4170, Matheson Gas Products, Joliet, Ill.)

for controlling the rates at which argon is delivered to the nebulizer and torch.

- - ---— -—. _-s ~~~~~~~~~~~ -~
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Each rotameter tube was calibrated using a wet test meter (Precision

Scientif ic  Co.,  Chicago , I l l .) .

Optical Design. The entire optical system , the impedance matcher and
ww~~~~wvw~~

plasma housing, and the monochroaator are kinematically mounted onto an

eight-foot lathe bed which serves as a optical support and alignment platform.

As shown in Figure 1, optical radiation emitted in the tail flame of the

plasma is collected by a 6-Inch (15.2cm) spherically concave first- surface

mirror (f.l. = 40.5cm , A l—MgF 2 /2000 coating, Oriel-Corp., Stamford, Conn.)

which is held by a gimbal mount (Model 760, Newp r’ Research Corp., Fountain

Valley, Calif.). The light is imaged onto the entrance slit of a high resolu-

tion monochromator (magnification = 1.25) so the entire acceptance angle of

the monochromator is filled. By rotating the mirror on its axes, the image

of the plasma can be translated horizontally and vertically across the entrance

slit to spatially select the region in the plasma being observed. The size of

• the observation region is thus determined by the width and height of the entrance

slit. In preliminary tests and In routine use, this optical system was found

to provide good spatial resolution and was simple to align and operate. In

addition, the use of only one reflective surface to transfer the optical radi-

ation from the plasma to the monochromator minimizes light losses and chromatic

aberration. However, monochromatic aberrations (e.g., coma and astigmatism)

can be a problem in such an off-axis system and careful attention must be paid

to its design if high—fidelity imaging is desired (20,21). To reduce these

aberrations, all off-axis angles should be minimized; in our sustem the off-

axis angles employed limited spatial resolution to approximately 5mm in the

plasma.

- - .•.— ,—- .- - -. ~.— ‘—. -s —- _~~ ~~~~t - -  ~~~~~~~~~~~~~~~~~~~~~ .. - - -
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Detection System. Radiation transferred by t u e  optical system is

dispersed by a high resolution monochromator (Model HR1000, I.S.A. Inc.,

Metuchen, N.J.) employing a 120 X 140mm holographic grating with a groove

density of 2400 g mnr 1 and a reciprocal linear dispersion of 3.9~ mm 1. The

dispersed radiation is detected by a photo iltiplier tube (Model R636, llama-

matsu Corp., Middlesex, N.J.) operating at -1000 volts d.c. (Model 245 High

Voltage Power Supply, Keithley rnstru3nents m c., Cleveland, Ohio) and mounted

in a RFI—shielded housing (Model PR 1405, Products for Research Inc., Danvers,

Mass.). The resulting photocurrent is monitored by a picoammeter (Model 414S,

Keithley Instruments Inc., Cleveland, Ohio) which converts it into a proportional

voltage. This voltage signal is passed through a variable time constant low—pass

filter and displayed on a strip-chart recorder (Model SR204, Heath Company,

Benton Harbor, Michigan).

Operating Procedure for Detection Limit DeterminatIons.
w w ~~www wW~~,wvv~

Detection limits were determined for a number of elements using the experi-

mental system just described and also with a conventional ICP torch (Model T-l,

Plasma-Therm Inc., Kresson, N. J.). Typical operating conditions for both the

mini and the conventional (mmxi ) ICP systems are outlined in Table I. Under

these conditions, detection limits were determined using the following general

operating procedure.

First, all electronic equipment including the RF generator was warmed up

for at least one-half hour. The torch and nebulizer were then flushed with

argon and the coolant and plasma gas flows cited on Table I were established.

I
__________________________________________________ - - -~~~~~~~~——~~~~~~~~~~~~~~~~~~~ - -
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These gas flows were found to provide the best conditions for stable plasma

formation and operation. The slightly greater gas flows used in starting a

plasma minimized the chances of torch damage during the ignition process.

In the case of the mini-ICP the nebulizer gas flow could be set at approxi-

mately 1 1 ain~~ before plasma initiation whi le for the maxi-ICP the nebulizer

gas must be initially shut off or the plasma could not be ignited. Next, the

forward RP power level was set and the plasma ignited. After the plasma was 
- 

-

formed, sample was introduced and the monochromator was scanned onto the peak

of the analyte emission line of interest. Both observation height (defined as

the vertical distance from the center of the observation zone to the top of the

load coil) and sample Introduction rate (i.e., nebulizer flow rate) were opti-

mized for maximum signal-to-noise ratIo fo~ ea...h element. At this point 1 pg mL~~

sample solutions and blank solutions (i.e., distilled-deionized HO) were alter-

nately introduced; each signal was recorded 5 times for at least ten time con-

stants each run. Signal-to—noise ratios were calculated from these measurements

and detection limits were determined using the procedure described by Winefordner

(22).

Plasma Excitation Temperature Measurements.
WVWWW WW~~~~~W~~~~~~~~~~~~~~~~~~~~~~~~ A~~~~~~V~~~

Excitation temperatures experienced by analyte species in both the mini - 
-

and maxi ICP sources were determined using essentially the same experimental

system and operating conditions as outlined above and in Table I. However,

nebulizer gas flow rates were set at 1.18 L min 1 for the maxi-ICP and 0.97

L mm -1 for the mini. In both cases the thermometric species (Fe) was 

~~~~~~~~~~~~~~~~~~~~~
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nebulized into the plasma as a 1000 pg mL~ solution. The relative inten-

sities of the three Fe oi~ ssion lines (cf. Table II) of interest were measured

in the tai l flames of both the maxi and mini plasmas at observation heights of

29.9 mm and 20.1 mm, respectively. The entrance slit width of the monochro-

mater was decreased to 40 pm for these measurements to ensure that the three

Fe spectral lines were properly resolved. Spectral backgrounds at each emission

line wore measured while dlstllled-.doioni zed water was aspirated into each

plasma. The not emission line intensities of the Fe lines were determined by

averaging three background-corrected values for each line.

Reagents.
wvwv~~

Stock solutions wore prepared as suggested by Dean and Rains (23), using

reagent grade -salts and acids as required. Analytical standards were prepared

by suitable dilution of these stock solutions with freshly distilled-deionized

water.

. 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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RESULTS AND DISCUSS ION
~~~~~~~~~~wv~~~ww~wv~~

Operating Characteristics of Mini-ICP.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

RF Power. One of the anticipated advantages of the mini-ICP was its
wvvwv~

ability to perform usefully at reduced RF power levels. In our studies,

the mini-ICP could easily be sustained with as little as 300 watts of for-

ward RF power when no sample was introduced (Ar gas flows: coolant--7.9 L

min i , plasaa--0.3 L min~~); moreover, while aqueous samples were being in-

troduced, the .ini-ICP remained stable with as little as 500 watts of RF

power (Ar gas flows : coolant--9 8 L m m - 1 , plasma--0 L min~~, nebulizer--

0.68 L mm 1). Significantly, these power levels do not represent the lowest

possible but are only those at which the present mini-ICP system can easily

operate; with improved torch and load coil configurations much lower operating

levels should be obtainable.

In the present study, the aini-ICP was ordinarily operated at 1 kW (33%

less RF power than the maxi); this value was selected on the basis of ease and

stability of operation and on an approximate power density calculation. This

calculation indicated that a 1 kW mini-plasma (10 mm diameter) would provide

the same power density as a maxi-plasma (15 mm in diameter) operating at 1.5 kW.

To perform this calculation the plasmas were modeled geometrically as toroids

and a constant coupling efficiency was assumed (coupling efficiency is defined

as the percentage of the RF power which is transferred from the load coil to the

plasma). 

— — ~~~~~ ~
- - — - -~~~
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Plasma Initiation and Sample mntroduction. The ignition and stabilization
~~~~~~~~~~~~~~~~~~~wvvwV~wvW~~~~~

of a mini-plasma was found to be extremely simple using the operating procedure

outlined earlier and under the conditions shown in Table I. Significantly, the

mini-plasma could be ignited under either the operating or starting gas flows

listed in Table I, Of course, the latter conditions would be preferable, be-

cause no flow adjustments would then be necessary between initiation and opera-

tion, However,occasionally(one of ten ignitions) torch damage occurred when

“operating” (cf. Table I) gas flows were used during torch firing; to prolong

the lifetime of the mini-torch, we ignite the plasma at the slightly higher

(starting) gas flows. By comparison, damage to the maxi- torch occurred much

more frequently (approximately one out of three times) when the plasma was

initiated using the lower (operating) gas flows. Consequently, the maxi-plasma

should only be ignited at the higher (starting) gas flows. In our experience,

the lifetime of a mini-torch was much longer than a maxi, primarily because of

the better stability of the mini-ICP during ignition. For example, during all

our analytical investigations the same mini-torch was used while two aaxi-torches

suffered extensive damage.

The mini-plasma can also be struck while the nebulizer gas is flowing and

distilled water is being aspirated, with an annular-shaped plasma being formed

immediately. The entire plasma ignition and sample introduction process is

thus very straightforward and could easily be automated. Importantly, on ly

deionized-distilled water can be aspirated during plasma initiation, and insta—

bilities result if a sample solution is aspirated at that time. In contrast,

th. .jzj..ICP can not be initiated at all when the nebulizer gas is flowing.

In fact, introducing sample into the maxi—plasma is not easily accomplished;

it often causes plasma extinction and requires an operator with considerable

experience.

--~~~~~ -
- -
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Plasma Stability. After the minI-plasma is struck , it can be sustained

easily for long periods of time, demonstrates excellent stability and accepts

samples readily. Significantly, 50% less high-purity argon is consumed during

this operation than with the conventional maxi-ICP (cf. Table I). The quanti-

tative stability of the entire mini-plasma system is revealed by the repro—

ducibility of the signal from a 1 ppm Fe solution, monitored at 37l9.9~. The

signal was measured from a series of 5 sample and S blank solutions run over

a 20 minute period, with a measurement time constant of one second. A relative

standard deviation of 0.8% was calculated.

Sample Residence Time in Plasma. The velocity of sample injection into
www~~~~~~~~~~vw~vwwvvvvvw~~

an ICP is significant, because it determines the time during which the analyte

species can interact with the plasma. In turn, this interaction time should

influence both the degree of matrix interferences and signal strength. Under

the conditions listed in Table I , the injection velocity for the maxi-ICP was

found to be 2806 cm sec4 and for the mini-ICP 3453 cm sec~~. Although these

velocities are not the lowest usable with each plasma, it would not be sur-

prising that the mini-plasma velocity is greater since higher injection velocities

would be required to overcome the greater magnetohydrodynamic (t’IID) thrust

velocity expected in the mini-plasma (8,24).

Neglecting these potential MHD effects and assuming that the velocities

of the particles remain constant and equal to the injection velocities, par-

tid e residence times will be approximately 1.5 milliseconds for the maxi-ICP

and 0.8 milliseconds for the mini for observation heights of 30 nun and 20 mm

respectively. These results suggest that higher regions of the mini-plasma

might be optimum for observation; however, such is not the case as seen in

_ __ _- _ 
• . - i
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Figure 4B. From Figure 4B, analyte residence times are adequate for the

analyte species to be efficiently desolvated, vaporized, atomized and

excited.

Background Spectra. High-resolution recordings of the background radia-
w~~ wv~~~~~~~ww~~

tion emitted by both the mini and the mmxi ICP sources revealed highly struc-

tured spectra, containing many proainent features of both line and broad band

character. The structure and intensities of the background spectra of the

two sources were identical; however, their complex nature suggests that spec-

tral interferences might be a problem for both sources. Studies directed at

examining the mini-plasma’s background in detail are currently underway in

our laboratories.

Detection Limits.
~~~~~~~~wwwvvv~

A useful indication of the analytical utility of the mini-ICP can be

obtained by comparing its limits of detection with those of a conventional

ma.xi-ICP source. However, because detection limits are affected by every

component in an AES system, comparisons between different systems are some-

what ambiguous. Consequently, detection limits were determined in this study

for both a mini and a ma.xi ICP source on the same AES spectrometer (described

in the Experimental section) , and under essentially the same operating con-

ditions (cf. Table I).

Detection limits for ten elements are listed in Table III. Because an

uncertainty factor of 2 or 3 is inherent in detection limit determinations,

the data in Table III indicate that the sensitivity available with a mini-ICP

is comparable to that of a maxi-ICP. Significantly, the same detection limits

- — j  -- -
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were obtained for both torches over a 4-month period, during which repro-

ducibility checks were performed. Literature values are also listed in

Table III and are comparable in most cases to those from the ICP-AES system

described in this report.

Conditions for Simultaneous Multi—Element Analysis. - -

www wvw w~~w w w w v v~wvwvvv’~~~

An important feature of ICP sources is their applicability to simultan-

eous multi-element analysis, a capability which is rendered more significant

by the fact that a single set of operating conditions can be employed for a

large number of elements (25). The results shown in Table III indicate that

both the mini and maxi ICP sources can be used to determine a variety of ele-

ments with low limits of detection. However, these detection limits were not

obtained under identical operating conditions; the observation height and nebu-

lizer gas flows were optimized for each element.

The range of optimal conditions for different elements in ICP sources can

be conveniently portrayed using diagrams like those of Boumans (25). Figures

4A and 4B are diagrams of this nature which illustrate the range of optimal

conditions found for both the maxi and the mini ICP sources, respectively.

These figures show that the choice of compromise conditions for the mini-ICP

would be no more difficult than for the inaxi-ICP.

In fact, compromise conditions may be easier to establish using the

mlni-ICP source. Figures 4A and 48 demonstrate that the range of optimal obser-

vation heights and nebulizer gas flows for different elements is smaller for the

mini- ICP. As a result, compromise conditions can be selected which are closer

to optimal for a larger number of elements in the mini -ICP than in the maxi-ICP.

L ~~~
-
~~~~
- -

~~~~~~~~~~~~ -—- 
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Excitation Temperatures.
WWW ~~~~~~VW~~~~~~~~~~~ V~~~

Excitation temperatures of both mini and maxi ICP sources were deter-

mined using the Atomic Boltzmann Plot method (26,27), with neutral iron being

used as the thermometric species (2). The wavelengths, excitation energies,

statistical weights of the upper levels and relative transition probabilities

of the appropriate lines are summarized in Table II.

From these measurements, an excitation temperature of 5054 °K is assigned

to the maxi-ICP at an observation height of 30 mm and a 4295 °K temperature to

the mini-ICP at an observation height of 20 mm. These observation regions are

located in the cooler tail flames of the plasmas and represent the excitation

temperatures experienced by analyte species during their observation. Although

these observation heights differ by a factor of 1/3, so do the sizes of the two

plasmas. Therefore, these temperatures should characterize the same relative

regions in each source.

Because an uncertainty of 10% or more is usually associated with this type

of measurement (2), the temperatures of the two plasmas can be assumed to be

similar and agree with values determined by other workers (1,2). However, it

would not be surprising for the mini-ICP to be slightly cooler than the mmxi-

ICP, in view of the different aerosol injection velocities of the two sources.

This temperature similarity coupled with the similarity of the optimal obser-

vation regions for the mini and maxi plasinas (cf. Figures 4A and 4B) argues that

the atomization and excitation behavior of the plasmas should not differ sig-

nificantly. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CONCLUS IONS
~~~~~~AAA~~~~~~~

Through proper torch design and operation, a stable miniature inductively

coupled plasma can be formed which readily accepts sample and exhibits many

of the same analytical characteristics associated with conventional ICP sources.

At present, it appears that the mIni—ICP will be just as powerful a source for

atomic emission spectrometry as conventional ICP sources while offering improved

operating characteristics and reduced cost. Clearly, additional investigation s

into the analytical utility of this new source are warranted.

Experiments to examine the complete thermal nature of the mini-ICP are

presently underway in our laboratories. The results of these investigations

will provide insight into the physical nature of the source and the mechanisms

controlling analyte atomization and excitation. Interference effects in con-

ventional ICP sources have been shown to be minimal but when present they are

complex and are directly related to the conditions under which they are gener- - 
-

ated (28-30)~ Future work will include a careful examination of the spectral,

vaporization, and ionization interferences associated with the mini-ICP source.

This area is particularly interesting because of the reduced residence times

of the analyte species expected in the mini-ICP. In addition, progress is

currently being made toward developing an improved miniature ICP source which 
- 

-

will operate at even lower RF powers and reduced argon support gas flows.

I
L -
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TABLE I. GENERA L OPERATING CONDITIONS FOR ICP-AES SYSTEM

MAXI —tC P MINI-ICP

RF Powera 1.5 kW 1.0 kW

Gas Flows

(L nhmn l)

Coolant (starting) 18.4 9.8
Coolant (operating) 14.7 7.9
Plasma (starting) 1.1 0.3

Plasma (opera ting) 1.1 0

Monochromator Entrance slits = Exi t  s l i t s

width — 50 inn width = 50 pm
height = 5 mm height = 5 mm

Time constant 1 sec. 1 sec.

a) Forward power output from the RF generator.

~ 
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TABLE II Fe EMISSION LINE DATA

Wavelength Wavenumber Statistical
of Transj- of Emitting Weight of
tion, mu level, cm-’~ tipper Level A

~ 
(a)

382.043 33096 9 3,91
382 .444 26140 7 0.174
382 ,588 33507 7 3 4 8

(a) Rela t ive  t ransi t ion probabil i ty normal ized  to the
Fe 371.994 nm l ine by A 37 1 9 9L  = 0.163; taken from
reference 32.
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TABLE I I I  COMPARI SON OF DETECTION LIMITSa (fig mL~~)

Element Spectral iineb Maxi— [CP Mini—ICP Literaturc

Al 3961,5 5 3 2 (5)

Ca It 3933.7 0,04 0.07 0.07 (31)

Cd 2288.0 13 42 30 (5)
Cu 3247.5 2 8 1 (31)

Fe 3719.9 12 10 5 (5)

Mg 2852.1 2 6 0.7 (31)

Na 5889.9 0.2 0.7 0.2 (31)

Ni 3524.5 15 4 6 (5)

Pb 4057.8 40 33 8 (5)

2138.6 23 71 10 (16)

a) Detection limits were defined as that concentration of
analyte which produced a signal equal to 2.122 times the
standard deviation of the blank signal. This factor was
derived on the basis of five sample-background pair mea-
surements and 99% confidence limits (22). See Table II
for operating conditions.

b) Used in present study.
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Figure 1. SCHEMATIC DIAGRA M OF ICP—AES EXP E RIM E NTAL SYSTI~M
(. . .) optical path; ( — — — )  electrical path; (—) ga~ f low

Figure 2. MINI-ICP TORCH CONSTRUCTION

Quartz wall thickness 1 nun. All features are drawn to
scal e.

Figure 3. BLOCK DIAGRAM OF ARGON GAS HAN DLIN G SYSTEM

Figure 4. OPERATING CONDITFONS FOR GREATEST SI(~ AL-TO-NOISE RATIO FORSEVERAL ELEMENT S (a)

A Maxi-TCP

B Mini— ICP

h - height of observation zone (5 nun)
Over the entire range of conditions, measured detection limits
for mos t element s  changed by no more than a factor of 5, an
amount consld~’~red insignificant in a practical analysis.

(a) After Boumans and fleBoer (25).

~~~~~~~~~~~~~~~~~ ~—— - - - — — - — —~~~ — -— -—- -—-—a——- - -- -
~~



— —-~~~ 
---

~~
- - ‘.

~~~~
--.~~~~~

__ ___ -. ----C - 
~~~~~~~~~~~~~~ 

- --- .. ,— — — -  -w--- -S-

-

I

25

r4ç I~f i ~d~__1
w

~~~~~~~~~

Ii~ 

—

.

0
I Z  I
(
~~0 

— — - -‘

w

U)~~~U) —
lfl.Q~~ . I
.
~~~~~

. _l —

• .~~ LU Z ~~~ ‘~ I~.~~~ OU) .JW IZ
Z Z

lL~~ O4~~~~~ .4
.,Z Q(DZU) I

~~~:: 4 4
)
~ I I ~

0~4o~~: -

O4 kJF. L J
~~~4 ~~z

I

___________—

~

- - --- ----~~~~~—----—-~~~~--- - - -- - - -~~~~~~~~ --



—..——- — - - - 

I -  
. . 

26

QUARTZ BONNET

2-TURN
RF LOAD COIL.

CAPILLARY INJECTION
I~ A~~~r-LM~ MA TUBE TUBE

(10mm O.D.) ~~ ~~ (0.75mm 0.D.)
(8mm 0.D.)~~~~~~~~~

COOLANT TUBE
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~~~~~~~~ (4mm 0.D.)
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_ _ _ _ _ _
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GA!_~~~~

2 

f

SAM PLE AEROSOL
IN LET

(6mm O.D.) 
---- — - -~~~-~~~ 



-5-— - - ‘—5 ‘- - - ‘— --- -~~~~~~~~~~~~~~~~ --  - - • S ---- —- —- ------- . --- -- -5--—— — -- - -5

p

27

_  _

[~I~ ‘ ~
-

~~~~~~~~~

_ H H H-’
I 

_ _ _

z

I I I

~~4~~J _ 14 _J

8W~ ~~~ W ’ t ~
I Q. I LU I0 o o z o

.

— - - — 



—5 ‘ — T ” ~~~ -‘ ~~~~~~~~~~~~~~~~~~~~ -— 
-~~~~~V ’ ’  —— -‘ ç~~~~~~~~.. __ ._ _ 5’ Y~~~~~ 

_ _____ —v- , 
~~ - — - ~~~~~~~~~~~~~~~~~~~~~~~~ •—,—- ‘— 5— —5— ’ —5,-.,— - —

28

a
L Z I  N:

.0

i ° I  
•

~~~a
1¼1 ‘41 NJ~~~~~I I

-J

C ~~~ 
Lii

L~~i
1 N I

~~i O I
0
U

~~ ~~ 
9

(WW )1H913H NOII~’Aè~3S80 0
0~~ .



‘~~ ‘- —C -55~-__,-5,-.-- —---‘-—,- ~~~~~~~~~~~~~ __._,_,5’~--_
____

’ ___;_’_
_ -5 — —5--.. -- -‘---5-, -5,---

I ’  •

29

1

~~~~

I
l

I a~I E

0 a, ~flt o
C I  I Z

a M~~~ c’J1_ u
o
U
0

- ~~~~ !� 2 ~n

(WW ) 1H913H N0I.LVA~ 3S80 0
a.
0I.-

~~~~ TT~~~
TTT

~~

I 

—~~~~~~---— - - -



-. 
—-5-’—. 5 — - ,—- 

~ - _
~_‘ __ ‘_ ___ -

~~—-5- - -_-. ---_. - ______ - ~~~~~~ - ‘

_ _ _  

---- ~~~~~~~ -

5-

~~~~~~~~~~~~~~~~~~~
•4 ~~~~~

0

TECHNICAL REPORT DISTRIBUTION LIST

No. Copies No. Copies
Offi ce of Naval Research Defense Documentation Center
Arlington, Virginia 22217 Building 5, Cameron Station
Attn: Code 472 2 Alexandria, Virginia 22314 12

U.S. Army Research Office
P.O. Box 12211
Research Triangle Park, N.C. 27709
Attn: CRD-AA-IP

ONR Branch Office
536 S. Clark Street Naval Ocean Systems CenterChicago, Illinois 60605 San Diego”, C a l i f o r n i a  92152Attn: Dr. Jerry SmIth 1 Mr. Joe McCartney
ONR Branch Office 

- ,

715 Broa&iay - 
-

New York, New York 10003 ,- “ Nav al Weapons Center
Attn: Scientific Dept. 1 

- 
. - 

- China Lake, California 93555
~ - -

~~ Attn: Head, Chemistry Division
ONR 8ranch Office 

- - -

1030 East Green Street - 

Naval Civi l Engineering Laboratory
Pasadena, California 91106 

- 
- - - ‘ Port Hueneme, California 93041

Attn: Dr. R. J. Marcus ,— - 1 Attn: Mr. W. S. Haynes

ONR Branch Office 
~~~~~~ 

- Professor 0. HeInz
760 Market Street -an. 447 Department of Physics & Chemistry
San Francisco, Cd’tifornla 94102 Naval Postgraduate School
Attn: Dr. p,i-’A. Miller 1 Monterey, California 93940

ONR Branch Office \, Dr. A. 1. Slafkosky
495 Suiviner Street ‘-5c1.~itif1c Advisor
Boston, Massachusetts 02210 Comandant of the Marine Corps (Code RD-i)
Attn: Dr. L. H. Peebles 1 Washington, D.C. 20380

Director, Naval Research Laboratory Office of Naval Research
Washington, D.C. 20390 Arlington , Virginia 22217
Attn: Code 6100 1 Attn: Dr. Richard S. Miller

The Asst. Secretary of the Navy (R&D)
Department of the Navy
Room 4E736, Psntagon
Washington, D.C. 20350 1

Coninander, Nava l Air Systems Conuna nd
Department of the Navy
Washington, D.C. 20360
Attn: Code 310C (H. Rosenwasser) 1

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ——— - . - . - - - — -~~~~~~~-



-——5’--. 

I •
~~~~~

TECHN 1CM. ~EPOH’I’ I) I ~~‘F~ . lflJTI ON LI .~

No. Copies N(~ . L~~i~k f ’

Dr. M . IL Denton L)r . Fred ~‘wt i f e I d
University of Arizona Naval ~esearch Laboratory
Department of Chemistry Code 6110
Tucson, Arizona 85721 1 Washington, D.C. 20375

Dr. G. S. Wilson Dr. H. Chernoff
University of Arizona Masse.c~iusetts Institute of Tethnolo~ r
Department of Chemistry Department of Mathematics
Tucson, Arizona 85721 3. Cambridge, Massachusetts 02139 1 -
Dr. R. A. Osteryoung Dr. K. Wilson
Colorado State University Univerølty of California, San Diego
Department of Chemistry Department of Chemistry
Fort Collins1 Colorado 80521 1 La Jolla, California 92037

Dr. B. R. Kowalski Dr. A. Zirino
University of Washington Naval Undersea Center
Department of Chemistry San go, California 92132
Seattle, Washington 98105 1

Dr. John Duffin
Dr. I. B. Goldberg United States Naval Post Graduate School
North American Rockwell Science Center Monterey, California 93940
P.O. Box 1085
10I~9 Camino Dos Rios D.~~~~ 0. M. lIieftJ~Thousand Oaks, California 91360 1 Departaicut of Ohemioti’~j

~~~~~~ Untv reit~Dr. S. P. Perone Dloomingten, Isdiena ‘*7’t-01
Purdue University
Department of Chemistry Dr. Victor L. Rehn
Lafayette , Indiana 47907 1 Nave]. Weapons Center

Code 3813
Dr. E. B. Wells Chine Lake , California 93555
Naval Research Laboratory
Code 6160 Dr. Christ ie  G. Enke - -

Washington , D.C. 20375 1 MichIga n State IJnWers ity
Department of Chemistry

Dr. D. L. Venezky East Lansing, Michigan 48824
Navel Research Laboratory
Code 6130
Washington, D.C. 20375 1

Dr. H. Praiser
University of Arizona
Department of Chemistry
Tuscon, Arizona 85721


